Sentence: Phthalate-induced testicular injury results in an increase of specialized peritubular macrophages that may assist in the recovery of spermatogenesis.
INTRODUCTION 22
Di-(2-ethylhexyl) phthalate (DEHP) is a ubiquitous plasticizer that is not chemically 23 bound to its substrates, which results in its release and eventual ingestion by humans and animals 24 [1, 2] . Mono-(2-ethylhexyl) phthalate (MEHP) is the primary metabolite of DEHP and has been 25 observed at measurable concentrations in a majority of newborns [3] and in pre-pubertal children 26 from those observed in the US [4] and Germany [5] . MEHP is considered an endocrine 27 disrupting chemical (EDC) that is correlated with reduced free testosterone [6] and increased 28 prolactin and estradiol [7] in adult male humans. MEHP persists in measurable quantities in 29 semen [8] and urine and is correlated with a decrease in sperm quality [9] . Hence, one of the 30 primary concerns regarding MEHP exposure in humans is the deleterious effect it may have on 31 fertility and reproductive function. 32
Experimental animal models provide a majority of the mechanistic evidence that links 33 phthalate exposure to adverse fertility outcomes. Toxicant exposure, including MEHP, in the 34 testes primarily affect Sertoli cells [10] , which sequester meiotic, and therefore antigenic, germ 35 cells behind a selective blood-testis barrier (BTB). The BTB protects germ cells from the 36 immune system, transfer necessary nutrients and information from the endocrine system, and 37 clean up apoptotic germ cells and waste products created during spermatogenesis (Reviewed in: 38 [11] ). Acute high dose MEHP exposure in rodents results in the disruption of the Sertoli cell 39 cytoskeleton [12] . A secondary consequence of this disruption is the dysregulation of the 40 apoptosis inducing FAS/FAS-ligand system [13] which results in the widespread death of 41 maturing spermatocytes [14] . In addition, MEHP exposure causes disruption in the gap junctions 42 between Sertoli cells that form the BTB [15] which is, in part, regulated by sTNFα [16] , a 43 compound that is capable of initiating an inflammatory immune response. 44
Indeed, a brief but large monocyte influx appears coincident with widespread 45 spermatocyte apoptosis following MEHP exposure [17] . This influx is at least in part elicited by 46 canonical pro-inflammatory cytokines (e.g. IL-1α, IL-6 and MCP-1) released by Sertoli cells and 47 not by spermatocyte apoptosis itself [18] . Although the infiltrating monocytes observed due to 48 acute MEHP exposure are inflammatory in phenotype, they do not contribute to or exacerbate 49 spermatocyte apoptosis [19] . 50
The purpose or function of the monocyte infiltration into the testes due to MEHP-51 induced injury remains unknown. Macrophages, which mature from naïve monocytes, make up a 52 large portion of all cells in the testicular interstitium and are the most abundant immune cell type 53 in the testis [20] . Testicular macrophages can be broadly categorized as those resident to the 54 testes and those that infiltrate to the testes as a part of an inflammatory response. Resident 55 testicular macrophages perform a number of essential functions during development and 56 adulthood (Reviewed in: [21, 22] and were found to aid in the differentiation of spermatogonia [29] . This specialized population of 65 macrophages, called peritubular macrophages, were found to be derived exclusively from 66 infiltrating populations of monocytes [30] . Therefore, we hypothesize that the monocyte 67 infiltration observed due to MEHP testicular damage may contribute to the seeding of peritubular 68 macrophages and aid in the recovery of the spermatogonial niche, rather than cause additional 69 damage as previously predicted. To test this hypothesis, we first evaluated if peritubular 70 macrophages are present in the rat testis, then describe their morphological and expression 71 phenotype, and, finally, determine if they associate with the spermatogonial niche. 72
MATERIALS AND METHODS 73

Animals and Housing 74
All animal work was conducted using humane procedures that were preapproved by the 75 Institutional Animal Care and Use Committee at The University of Texas at Austin and followed 76 NIH guidelines (AUP-201900115). Males Fischer CDF344 rats were purchased from Harlan 77 (Indianapolis, IN) and shipped to The University of Texas at Austin at post-natal day (PND) 25. 78
Upon arrival, animals were maintained in a temperature-controlled housing facility on a 12:12 79 L:D cycle with ad libitum access to food and standard rat chow. After 3 days of habituation, on 80 PND 28, males were randomly assigned to one of two treatment exposure groups; vehicle control 81 (VEH) or MEHP. 82
Each animal was exposed via oral gavage to 700 mg/kg MEHP dissolved in corn oil or an 83 equivalent volume of corn oil (VEH). For the data shown in this paper, 7 animals were used in 84 each treatment group in 2 cohorts (3 animals per treatment per age in cohort 1 and 4 animals per 85 treatment per age in cohort 2). Following gavage, animals were checked for general health but 86 were otherwise left undisturbed in their home cage until sacrifice 48 hours after treatment, 1 87
week after treatment, or 2 weeks after treatment. Animals were euthanized by CO 2 asphyxiation 88 followed by cervical dislocation. The testes were rapidly removed and weighed. One testis was 89 randomly selected for whole tubule immunofluorescence and was immediately placed in cold 90 PBS (Gibco, Cat# 10010-023) on ice. The opposite testis was submerged in Bouin's Fixative on 91 a gentle rocker overnight. Bouin's was replaced with lithium-saturated ethanol the following day 92 and every subsequent day until the solution and the testis were clear. 93 Seminiferous tubules were isolated within 1-hr of sacrifice from testes that had been 94 placed in cold PBS on ice. The testis was decapsulated by puncturing and tearing the tunica and 95 the tubules evacuated into cold PBS. The tubules were gently teased apart and the interstitial 96 tissue removed with blunt forceps. The tubules were then washed 4 times in ice cold PBS to 97 further remove interstitial tissue and cells. The tubules were then fixed in 4% paraformaldehyde 98 counting in ImageJ to ensure accuracy. Cell counts were compared between treatments and 123 within age using a Wilcoxon Ranked-Sum test because the data were not normally distributed 124 and were considered significant if p < 0.01. Graphs were made in R with ggplot2 (version 3.1.1) 125 and edited only for style in Adobe Illustrator (version CS5). Images for morphological and co-126 staining analyses were taken at 63x (134.95 μm by 134.95 μm) at z-depths that varied depending 127 on the depth of the cell being imaged. 128
RESULTS 129
Seminiferous tubules from PND30 Fischer CD344 male rats were separated from 130 interstitial tissue, subjected to immunofluorescence for MHCII, and mounted whole on slides for 131 analysis on a confocal microscope. A population of MHCII + cells was observed on the surface of 132 seminiferous tubules (20x - Fig 1A) . Closer observation of these cells revealed irregular 133 morphology of the cell membrane and nucleus (63x -Fig1B and C). MHCII + cells were sparse 134 and found on average once every 2 randomly captured (425.1 μm by 425.1 μm, average tubule 135 area 102,084 μm 2 ) windows. These cells were located on the surface of tubules often overlying 136 or nestled in-between, in the same plane, or in close proximity to the nuclei of peritubular myoid 137 cells (Fig 2A & B) , which were identified by their location and unique morphology. 138
Occasionally, long (~50 -100 μm) protrusions originating from MHCII + cells appeared to extend 139 around or between the nuclei of peritubular myoid cells (Fig 2C & D) . In rare instances the 140 nuclei of an MHCII + cell was observed under what appeared to be the nuclei of peritubular myoid 141 cells (Fig 2E-H) . 142
The morphology of MHCII + cells was heterogeneous. The majority of MHCII + cells 143 observed on the surface of the seminiferous tubule were either circular ( Fig 3A) or spindeloid 144 ( Fig 3B --[31] ) in morphology. Observation of MHCII + cells with elongated or stellate 145 morphology was rare, but was occasionally observed (Fig 3C and Fig 3D, respectively) . 146
In order to determine if the MHCII + cells observed were in fact derived from the 147 monocyte lineage, tubules were double stained with MHCII + and the lysosomal protein CD68. 148
All observed MHCII + cells on the surface of seminiferous tubules were CD68 + regardless of the 149 morphology of MHCII + cells (Fig 4) . All MHCII + cells remained CD68 + regardless of the age or 150 treatment of the animal analyzed (PND30; Fig 4A-B, PND 35; Fig 4C-D, PND 42; Fig 4E-F) . 151
We hypothesized that if the function of peritubular macrophages is indeed to stimulate 152 the differentiation of spermatogonial cells, then depletion of maturing germ cells via MEHP 153 treatment would induce the mobilization of peritubular macrophages to the seminiferous tubules. 154 PND 28 male rats were exposed to either MEHP or corn oil (VEH) and sacrificed after 48 hours, 155 1 week, or 2 weeks with no further manipulation and the number of MHCII + cells, controlled for 156 by tubule area, was counted (n = 7 per treatment per age - Fig 5) . After 48 hours, the population 157 of MHCII + was significantly elevated ~ 6.5-fold compared to VEH males of the same age (U = 3, 158 p = 0.002 - Fig 6) . The number of MHCII + cells began to decline but remained significantly 159 elevated in MEHP animals ~ 6 fold after 1 week (U = 0, p = 0.0003) and ~ 2.5-fold after 2 weeks 160 (U = 6, p = 0.005). Age did not affect the number of MHCII + cells in VEH animals as determined 161 by a Kruskal-Wallis test (H(2) = 4.1039, p = 0.1285). Subsequent pairwise Kruskal-Wallis rank 162 sum tests, adjusted with the Benjamini-Hochberg method, also failed to identify any differences 163 in MHCII + cell counts across age and within VEH animals. 164
In order to determine the distribution of MHCII + cells, a density analysis of the number of 165 MHCII + cells per tubule area was performed (Fig 7) . Males exposed to the VEH treatment, 166 which represent a "normal" developmental trajectory, at the 48 hour and 1 week time point had a 167 large proportion of instances (~75%) that had no MHCII + cells. The number of instances with 168 zero MHCII + cells was reduced to 56% in VEH treated males at 2 week time point, which 169 suggests that while the total number of MHCII + doesn't change with age, their localization does. 170
The distribution of MHCII + cells in MEHP treated males was markedly different. Instances with 171 no MHCII + cells was only 32% at 48 hours and 2 weeks and was slightly decreased at the 1 week 172 time point (25%). There were isolated observations of high-density concentrations of MHCII + 173 cells in MEHP treated animals (>8 MHCII + cells per 10 5 area -12% at 48hrs and 1% at 1 week) 174 but none in the VEH treated groups. The majority of the increase in MHCII + cells seen due to 175
MEHP treatment was observed in intermediate densities (< 8 MHCII + cells per 10 5 area). 176
Finally, we stained whole tubules with PLZF to determine if spermatogonial number was 177 affected by MEHP treatment. We found no difference in the number of PLZF + cells at either the 178 48-hour or 1 week time point. However, the number of PLZF + cells was increased due to MEHP 179 exposure at the 2-week time point (U = 3, p < 0.001 - Fig 8) . work is significant in that it is one of the first demonstrations that peritubular macrophages are 202 specifically mobilized by testicular injury and the large-scale loss of spermatocytes. 203 MEHP is a well described Sertoli cell toxicant [12] , which causes widespread loss of 204 spermatocytes [14] . The loss of spermatocytes due to MEHP exposure is age-(younger > older), 205 species-(rat > mouse), and dose-dependent [17] . The loss of spermatocytes is concurrent with a 206 massive but transient (~48 hours) monocyte influx that is congruent with the degree of 207 spermatocyte loss; the monocyte influx is more robust in younger animals, larger in rats 208 compared to mice and larger at higher doses of MEHP [17] . It was initially hypothesized that 209 because the monocyte influx induced by MEHP was proportional to the loss of spermatocytes, 210 this large-scale inflammatory immune response might exacerbate, or be the cause of, the loss of 211 spermatocytes and thus account for the specificity of the observed effects. This was found not to 212 be the case. The depletion of circulating monocytes, which neutralizes the MEHP induced 213 monocyte influx, has no effect on spermatocyte apoptosis [19] . The precipitating cause and the 214 functional purpose of this influx is not yet fully understood, but our current results suggest that at 215 least one consequence is an increase in the long-term (2 week) presence of peritubular 216
macrophages. 217
Given that the only known function of peritubular macrophages is to stimulate the 218 differentiation of spermatogonia, and that a loss of spermatocytes would necessitate their 219 replacement by the induction of spermatogonial differentiation, it is reasonable to suggest that 220 the increase in peritubular macrophages we observe is to stimulate spermatogonial differentiation 221 to replace the lost spermatocytes. Our data indirectly support this hypothesis; 2 weeks after 222 MEHP exposure, a time point where peritubular macrophages remain elevated, the number of 223 PLZF + cells (differentiating spermatogonia) is increased. This hypothesis requires additional 224 evidence and experiments, which are currently underway in our laboratory. 225 Peritubular macrophages may, of course, have functions other than, or in addition to, the 226 stimulation of spermatogonial differentiation. There are two primary immunoreactivity profiles 227 of macrophages that populate the testes in rats; tissue resident testicular-macrophages (CD68 -228 /CD163 + ) and newly arrived monocyte-like testicular macrophages (CD68 + /CD163 -) (Reviewed 229 in: [21] ). These two populations have distinct expression phenotypes that represent anti-230 inflammatory tissue resident macrophages (CD68 -/CD163 + ) and "alternatively activated 231 macrophages" with suppressed inflammatory activity (CD68 + /CD163 -) [28] . 232
We found that all peritubular macrophages in rats are CD68 + , indicating that they are 233 either derived from circulating monocytes that quickly (within 48 hours) transition and localize 234 to the seminiferous tubules or they constantly maintain the CD68 + phenotype regardless of when 235 they arrived in the testes. It is noteworthy that all peritubular macrophages in VEH animals were 236 also CD68 + at all time points, which supports the latter possibility; they maintain a CD68 + 237 phenotype. This is consistent with previous observations in mice that found macrophages are 238 exclusively seeded from bone-marrow derived circulating monocytes using lineage-tracing 239 techniques [30] . Determining a definitive immunoreactive profile for peritubular macrophages in 240 future experiments is essential so that further characterization can be performed (e.g. fluorescent 241 activated cell sorting to allow for macrophage separation and transcriptome profiling). Efforts 242 are currently underway to definitively describe the CD163 phenotype of peritubular 243 macrophages in rats. 244
The location and morphology of peritubular macrophages also provide some evidence of 245 their possible function. Sertoli cells can perform macrophage-like functions and therefore serve 246 an immune cell role in the seminiferous epithelium; phagocytosis and ingestion of apoptotic 247 spermatocytes [34] and microbe detection via the Toll-like receptor [35] . Sertoli cells actively 248 participate in the clearance of apoptotic spermatocytes [36] and secrete the powerful monocyte 249 chemoattractant protein-1 (MCP-1) [18] specifically due to MEHP induced injury. Under normal 250 physiological conditions, Sertoli cells can induce germ cell apoptosis and ingest said cells such 251 that the meiotic and immunogenic remnants remain sequestered behind the blood-testis-barrier 252 (Reviewed in: [37] ). It is, however, possible that in extreme cases of spermatocyte loss, such as 253 those induced by acute MEHP exposure, Sertoli cells are not capable of keeping up with the 254 processing of apoptotic bodies. A possible consequence of this scenario is that if the blood-testis-255 barrier becomes compromised, an effect observed due to MEHP exposure [15] , an auto-antigenic 256 immune response could be mounted against the "non-self" antigens and cause further damage. 257
Sertoli cells can act as antigen presenting cells which diminishes inflammatory immune 258
responses [38] . That peritubular macrophages reside in such close proximity to Sertoli cells, that 259 they are themselves antigen presenting cells, and that they respond specifically to an event with 260 widespread apoptosis, suggests that they may play a role in the tolerization of inflammatory 261 immune responses in certain catastrophic scenarios. Direct macrophage cell-cell contact and 262 communication in the testis is not unheard of. Interstitial macrophages are known to directly 263 communicate with Leydig cells and aid in steroidogenesis [39] . That peritubular macrophages 264 could contact and interact with Sertoli cells would not be unlikely. 265
The work presented here demonstrates that a specialized sub-category of testicular 266 macrophage infiltrates and occupies the testes due to acute testicular injury in rats. This work is 267 fundamental to understanding the mechanisms by which infertility and azoospermia occur in 268 adult males. Correlational observations in humans consistently note an increased presence of 269 CD68 + macrophages in infertile men [40, 41] . These studies suggest the presence of CD68 + 270 macrophages may contribute to or be the cause of infertility. These studies, however, are 271 retrospective in nature and may misinterpret the significance of the increased presence of 272 macrophages. Although more experimentation is needed, our data, and that of our predecessors, 273 suggests instead that CD68 + peritubular macrophages initially infiltrate the testis because of the 274 loss of maturing spermatocytes and to stimulate spermatogonial differentiation. 275 276 with no MHCII + cells at 48 hours and 1 week after treatment, which is diminished at 2 weeks. In 447 MEHP treated males, the proportion of tubule observations with no MHCII + cells is lower (~30-448 25%). Although high densities of MHCII + cells were observed in MEHP treated males, the 449 majority of the observed increase was due to moderate densities. 450 451 Figure 8 . The number of PLZF + spermatogonia in VEH and MEHP treated male rats is shown 452 normalized to tubule area. The PLZF + count appears to diminish with age, but is primarily a 453 factor of area normalization, which is attributed to the expansion of tubules as spermatogenesis 454 progresses through puberty. MEHP treated males show an increase (** p < 0.001) of PLZF + 455 spermatogonia 2 weeks after exposure. 456 457 FIGURES 458 
